Introduction
Chronic kidney disease (CKD) is defined by a decreased estimated glomerular filtration rate (eGFR) below 60 mL/min/1.73 m 2 or albuminuria as a marker of an increased glomerular permeability. 1 Beyond the original meaning of CKD as a high-risk state for future dialysis, CKD is now recognized as a significant and rapidly growing global health burden, mainly because it is an established risk factor for cardiovascular diseases, including stroke. 2, 3 The impact of CKD on incident stroke differs among regions and races and is higher in Asian people. 4 The glomerular afferent arterioles of the juxtamedullary nephrons and the cerebral small vessels have anatomical and functional features in common. 5 Thus, cerebral small vessel disease (SVD) and CKD seem to have a strong relationship. In this paper, the association between CKD and overall stroke is reviewed first, and then the special contribution of CKD to symptomatic and subclinical cerebral SVDs is discussed.
Chronic kidney disease is a risk factor for stroke
CKD is prevalent in stroke patients. Figure 1 shows the prevalence of eGFR below 60 mL/min/1.73 m 2 in both the general population and acute stroke patients. 3 For acute stroke patients, eGFR was assessed using creatinine levels during acute stroke and was accordingly affected by acute stroke damage. The prevalence varies from 20% to 35% in patients with acute ischemic stroke 2, [6] [7] [8] [9] [10] and from 20% to 46% in patients with acute intracerebral hemorrhage (ICH). 2, 6, 11, 12 This prevalence was found to be higher than that in the general population (4.4% to 11%) and similar to that in the elderly general population aged 70 years or older (19% to 38%). [13] [14] [15] Stroke occurs much more commonly in dialysis patients than in the general population or CKD patients without need for dialysis. In my previous studies in a kidney center in the Fukuoka metropolitan area in western Japan, the incidence of total stroke for patients receiving hemodialysis was 13 per 1,000 person-years, and that for patients receiving continuous ambulatory peritoneal dialysis was 15.7 per 1000 personyears. 16, 17 CKD is an established risk factor for stroke. A meta-analysis of 21 prospective cohort studies, involving 284,672 participants, showed that the risk of stroke increased by 43% [95% confidence interval (CI) 31%-57%] in subjects with an eGFR < 60 mL/min/1.73 m 2 . 4 Lower eGFR was a risk factor for both ischemic and hemorrhagic stroke. In another meta-analysis of 10 prospective cohort studies involving 140,231 participants, participants with proteinuria had a 71% (95% CI 39%-110%) greater risk of stroke than those without proteinuria. 18 Racial difference was mentioned in these two meta-analyses. 4, 18 The impact of the decreased eGFR on stroke was higher in Asian populations [risk ratio (RR) 1.96, 95% CI 1.73 to 2.23] than in non-Asians (1.26, 1.16-1.35, P< 0.001) in the former one. 4 In the latter one, 18 the impact of proteinuria was weaker in Asians than in non-Asians (RR 1.43, 95% CI, 1.14-1.79 vs. 2.02, 1.54-2.65; P for heterogeneity 0.07), and there was no evidence to support an ethnic difference in the magnitude of the association after adjusting for method of protein measurement. In the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study, involving 25,310 community-dwelling participants over 44 years old, a higher urinary albumin to creatinine ratio (ACR) was associated with stroke risk independently of eGFR and traditional risk factors among black participants, and the association was modest and not independent among white participants.
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Chronic kidney disease affects stroke severity and outcomes
In addition to the increase in the risk of incident stroke, CKD affects initial neurological severity and chronic outcomes of ischemic and hemorrhagic stroke. The Fukuoka Stroke Registry is a large multicenter registry for acute stroke patients in the Fukuoka metropolitan area. Of 3,778 patients with first-ever ischemic stroke from the registry, 1,320 (34.9%) were diagnosed as having CKD. 10 These CKD patients had a 49% (95% CI 17%-89%) greater risk of neurological deterioration during hospitalization, defined as a ≥ 2-point increase in the National Institutes of Health Stroke Scale score; a 138% (95% CI 61%-257%) greater risk of in-hospital mortality; and a 25% (95% CI 5%-48%) greater risk of a modified Rankin Scale (mRS) score ≥ 2 at discharge than non-CKD patients, after adjustment for potential confounding factors, including initial stroke severity. From the Fu-
NHANES'99-'04 (US) [13] HUNT II (Norway) [14] Imai, et al. (Japan) [15] NHANES'99-'04 (US)
Yahalom, et al. [6] Molshatzki, et al. [11] SAMURAI ICH Study [12] Toyoda [2] Yahalom, et al. [6] Ovbiagele, et al. [7] PRoFESS [8] SAMURAI rt-PA Registry [9] Fukuoka Stroke Registry [10] Toyoda [2] General kuoka Stroke Registry, a 73% (95% CI 3%-190%) greater risk of recurrence of noncardioembolic stroke in CKD patients was also reported. 20 The China National Stroke Registry, involving 4,836 diabetic patients with acute stroke and transient ischemic attack (TIA) showed that eGFR < 45 mL/min/1.73 m 2 was independently associated with risks of all-cause death, recurrent stroke, combined endpoint of stroke or death, and stroke disability in patients with overall stroke/TIA and those with ischemic stroke/TIA. 21 We determined the safety and feasibility of systolic blood pressure reduction initiated within 3 hours from onset to < 160 mmHg using intravenous nicardipine in 211 patients with acute spontaneous intracerebral hemorrhage (ICH) in the prospective, multicenter, observational Stroke Acute Management with Urgent Riskfactor Assessment and Improvement (SAMURAI)-ICH Study. 22 In its subanalysis, eGFR < 60 mL/min/1.73 m 2 was positively associated with mRS score 5-6 (OR 5.87, 95% CI 1.87-19.34) and negatively associated with mRS score 0-2 (OR 0.21, 95% CI 0.07-0.54) at 3 months, after adjustment for known prognostic predictors including the initial NIH Stroke Scale score and hematoma volume. 12 In several other studies, the effects of CKD on neurological severity and outcomes of ischemic and hemorrhagic stroke were clarified. 2, 3 Resistance to and limitations of stroke therapies appear to partly cause the poorer stroke outcomes of CKD patients. CKD patients have both high thromboembolic risk and high bleeding risk, and it is often difficult to maintain the balance of the risks and benefits of antithrombotic therapy. 3 There is conflicting evidence for the benefit of stroke prevention with warfarin in patients with advanced CKD and end-stage kidney disease; some supported a protective effect of warfarin from stroke 23 and others denied it. 24, 25 Non-vitamin K antagonist oral anticoagulants (NOACs) cannot be given to patients with advanced CKD. 26 In our multicenter SAMURAI rt-PA Registry, 9 a decreased eGFR < 60 mL/min/1.73 m 2 on admission was associated with early symptomatic ICH [odds ratio (OR) 1.81, 95% CI 1.16-2.84], mortality (2.94, 1.38-6.42), and mRS score ≥ 4 at 3 months after intravenous thrombolysis using alteplase at 0.6 mg/kg for ischemic stroke patients (1.55, 1.01-2.38). A meta-analysis was performed based on three studies including the SAMURAI rt-PA Registry; it showed significant associations of reduced eGFR with early symptomatic ICH, mortality, and poor functional outcome.
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Anatomical relationship between cerebral small vessel disease and kidney disease
The kidney and brain share unique susceptibilities to vascular injury since the vasoregulation of the microvasculatures of the two organs are similar anatomically and functionally. 5 Both the glomerular afferent arterioles of the juxtamedullary nephrons and the cerebral perforating arteries are small, short vessels directly arising from large high-pressure arteries. The arteries are accordingly exposed to a high pressure, and they have to maintain a strong vascular tone in order to provide a large pressure gradient in a short distance. Ito et al referred to these kinds of vessels as 'strain vessels' and listed coronary microcirculation and retinal arteries as other strain vessels. Hypertensive vascular damage occurs first and severely in such strain vessels. Since albuminuria reflects glomerular damage distal to the juxtamedullary afferent arterioles, albuminuria may also be an early sign of cerebral small vessel damage.
Chronic kidney disease and silent lacunar infarction
Although epidemiological studies did not mention the contribution of CKD to subtypes of incidental stroke, a relationship between CKD and silent brain infarction (SBI), mainly lacunar infarction, has been reported both in cohort studies and in hospital-based studies. An inverse linear association was observed between 1/cystatin C, a marker of kidney function, and the prevalence of SBIs after multivariate adjustment [OR 1.20, 95% CI 1.09-1.32 per 1-standard deviation (SD) decrease] in older adults from the Cardiovascular Health Study found. 28 In the Rotterdam Scan Study, a decreased eGFR tended to be associated with a higher prevalence of SBIs after age-and sex-adjustment (OR 1.11, 95% CI 0.81-1.51 per 1-SD decrease). 29 In a cross-sectional study involving 625 community-based Japanese elderly participants, CKD was independently associated with lacunar infarction after multivariate adjustment (OR 1.86, 95% CI 1.28-2.72). 30 CKD remained an independent risk factor by excluding diabetic subjects or subjects with stage 2 hypertension.
Two hospital-based studies from Japan are also relevant. In the first study, silent lacunar infarction was identified on magnetic resonance imaging (MRI) in 25% of patients with a creatinine clearance > 40 mL/min/1.73 m 2 and in 85% of patients with creatinine clearance < 40 mL/min/1.73 m 2 ; the strongest contributing factor for lacunar infarction on multivariate analysis was decreased creatinine clearance. 31 In another one, SBI was identified on MRI in 108 of 324 (31.8%) predialysis CKD patients. 32 As the CKD stage advanced, SBI was more commonly identified (P < 0.0001). A decreased eGFR was independently associated with SBI.
Chronic kidney disease and white matter lesions
Like SBIs, white matter lesions have often been studied to clarify their association with CKD. The Northern Manhattan Study, involving 615 stroke-free participants, showed that eGFR of 15-60 mL/min/1.73 m 2 was significantly associated with an increased log-transformed volume of white matter lesions (β 0.322 [95% CI 0.080-0.564]) after adjusting for cardiovascular risk factors. 33 With 484 elderly inhabitants (60-90 years of age) in the Rotterdam Scan Study involving 484 participants 60 years old or older, the volume of deep white matter was significantly decreased, and the volume of white matter lesions was increased as eGFR decreased after multivariate adjustment.
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Chronic kidney disease and cerebral microbleeds
Cerebral microbleeds (CMBs), another typical cerebral SVD, were identified in 35 of 162 patients (25.6%) with CKD stages 1 to 5 not on dialysis. 34 In this cohort, eGFR was inversely associated with the presence of CMBs independent of sex, age, and diastolic blood pressure (OR 0.956, 95% CI 0.926-0.988 per 1 mL/min increase). In 236 consecutive inpatients with acute ischemic stroke or TIA, proteinuria had strong independent associations with both the presence (OR 2.33, 95% CI 1.19-4.95) and number (2.23, 1.10-4.53) of CMBs. 35 In 144 black patients with recently developed ICH from the DiffErenCes in the Imaging of Primary Hemorrhage based on Ethnicity or Race (DECI-PHER) study, CKD was also associated with both the presence (OR 3.44, 95% CI, 1.64-7.24) and number (2.46, 1.11-5.42) of CMBs, but this was not true in non-Hispanic white patients.
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Chronic kidney disease affects cognitive function
Dementia is one of the greatest global health burdens along with CKD. Patients at all stages of CKD have a higher risk of developing cognitive impairment than the general population. 37 Its prevalence in patients on hemodialysis has been estimated at 30% to 60%, at least twice the values observed in age-matched controls, with a similar prevalence for peritoneal dialysis patients. 38 Additionally, cognitive impairment is more common in milder CKD than in the general population. In 23,405 communitydwelling participants > 44 years old from the REGARDS Study, eGFR < 60 mL/min/1.73 m 2 (OR 1.23, 95% CI 1.06-1.43), as well as each 10 mL/min/1.73 m 2 decrease of eGFR (OR 1.11, 95% CI 1.04-1.19), was independently associated with an increased risk of cognitive impairment after adjustment for vascular risk factors and others. 39 There seems to be a few factors to cause cognitive dysfunction in CKD patients. First, direct neuronal toxicity by uremic toxins seems to be another cause of cognitive impairment in CKD patients. 40 Second, conventional vascular risk factors that are common to CKD patients, such as chronic hypertension, diabetes, smoking, and obesity, can be risk factors for Alzheimer's disease. 41 In a recent report from the ongoing Osaka Followup Study for Carotid Atherosclerosis Part 2 (OSACA2) study involving 600 participants with vascular risk factors, 50 subjects developed dementia during the median 7.5-year follow-up. It was found that eGFR < 60 mL/min/1.73 m 2 at entry was independently related to the risk of all-cause dementia even after adjusting for brain atrophy and cerebral small vessel diseases on MRI (RR 1.96, 95% CI 1.08-3.58) 42 As the third factor, several previous studies often explain the potential association between CKD and cognitive impairment via the high prevalence of SBI, white matter lesions, and CMBs. 43 CKD also affects longitudinal cognitive change. In the 7,839 participants of the 3C Study, eGFR decline for more than 4 years, but not the baseline eGFR, was associated with decline in global cognition assessed by the Mini-Mental State Examination. 44 
Chronic kidney disease is associated with retinal artery disease
Retinopathy and nephropathy are known to be major diabetic microvascular complications. In addition, the glomerular afferent arterioles and retinal arteries are both 'strain arteries' . 5 Thus, an association between CKD and retinal artery disease has been reported. In the Singapore Prospective Study Program, involving 261 participants with eGFR < 60 mL/min/1.73 m 2 and 651 controls, the lowest and highest quintiles of the retinal fractal dimension were associated with increased prevalence of CKD after multivariate adjustment, even in participants without diabetes. 45 This result indicates that kidney dysfunction affects deviations from optimal microvascular architecture independently of diabetes. In the Chronic Renal Insufficiency Cohort (CRIC) study involving 1904 participants, patients with eGFR of 30-39 mL/min/1.73 m 2 had a 98% (95% CI 38%-183%) greater risk, and those with eGFR < 30 mL/min/1.73 m 2 had a 199% (95% CI 105%-306%) greater risk of retinopathy after multivariate adjustment than those with eGFR ≥ 50 mL/min/1.73 m 2 . 46 CKD, retinopathy, and cognitive impairment share the common vascular pathology of SVDs. In 2,211 participants undergoing retinal photography in the Cardiovascular Health Study, retinopathy was associated with poorer scores on the Digit Symbol Substitution Test. 47 In the 14-year follow-up study of 803 participants from the Atherosclerosis Risk in the Community (ARIC) cohort, subjects with retinopathy showed more rapid decline of the scores of the Word Fluency test and the Digit Symbol Substitution test than those without retinopathy. 48 In the CRIC study involving 588 participants, retinopathy was independently associated with cognitive impairment on the Trail-Making Test, Forms A (OR 3.4, 95% CI 2.0-6.0), Forms B (3.0, 1.8-4.9), and the Boston Naming Test (2.1, 1.2-3.4) . 49 The relationship between retinopathy and CKD seems to be stronger in patients with type 2 diabetes. The CKD stage was significantly and independently associated with decreased retinal blood flow measured by a Doppler velocimetry system in 169 Japanese patients with type 2 diabetes.
50
Conclusion
The strong associations of CKD with cerebrovascular diseases, especially with cerebral SVDs, including retinal artery disease, have been reviewed. A deep understanding of the cerebrorenal interaction is important to minimize the burden of cerebrovascular disease and cognitive impairment in CKD patients. 51 Close liaison between neurologists and nephrologists can improve the management of SVDs in CKD.
